Abstract. Recent evidence suggests an association exists between resistance to epigenetic therapy (EGT) and the expression of programmed cell death protein 1 (PD-1) and programmed death-ligand 1 (PD-L1) in myeloid malignancies. Biomarkers are required to predict resistance to EGT in myeloid malignancies, which together with the delineation of associated molecular mechanisms, may provide additional understanding for novel treatment strategies when investigating resistance to EGT. The present study aimed to investigate the in vivo effects of EGT on the expression of PD-1, PD-L1 and orphan nuclear receptor NUR77 with clinical responses in patients with myeloid malignancies. In addition, in vitro and in vivo characterization of the effects of EGT on the expression of NF-κB and Bcl-xL, potential downstream targets of PD-L1 reverse signaling, were evaluated to determine components of the molecular mechanism responsible for these effects. The in vivo effects of EGT on the expression of PD-1, PD-L1 and a previously identified molecular marker of response to EGT, NUR77 was characterized in peripheral blood mononuclear cells (PBMC) from patients with myelodysplastic syndrome (MDS) and acute myeloid leukemia (AML) treated with either azacytidine (Aza) alone or a combination of Aza and the histone deacetylase inhibitor (HDACi) LBH-589 during the first cycle of therapy. The correlation of clinical responses to treatment with EGT with the expression of PD-1, PD-L1 and NUR77 demonstrated that the induction of PD-L1 mRNA levels was associated with resistance to EGT despite the concurrent augmentation of NUR77 expression. The characterization of potential downstream effector molecules of reverse PD-L1 signaling identified EGT-mediated induction of Bcl-xL and NF-κB mRNA expression in vitro and in vivo, suggesting a potential anti-apoptotic molecular mechanism was responsible for PD-L1-mediated resistance to EGT. Taken together, these observations suggest that enhanced PD-L1 expression may confer resistance to EGT over known EGT response markers in myeloid malignancies, and provides a potential molecular mechanism involving the modulation of effectors of PD-L1 reverse signaling, which may in-part, be responsible for these effects.
Introduction
Epigenetic therapy (EGT), specifically with hypomethylating agents (HMA) either alone or in combination, continues to be successfully used in the treatment of high risk myelodysplastic syndrome (MDS) and elderly acute myeloid leukemia (AML) although resistance is a frequent and ultimately near universal outcome (1) . Mechanisms of de-novo resistance to EGT in the setting of MDS and AML are incompletely understood however recent studies have identified diverse molecular mechanisms including integrin α5-mediated hematopoietic progenitor cell quiescence (2), increased RNA 5-methylcytosine active chromatin (3), elevated BCL2L10 expression (4) and Stat3/5 signalling (5) as contributing factors.
MDS and AML are often associated with endogenous immune compromise and overexpression of immune checkpoint molecule expression (6) . Identification of EGT-mediated upregulation of genes associated with tumour immune evasion including immune checkpoint pathway-related molecules programmed cell death protein 1 (PD-1), programmed death-ligand 1 (PD-L1) and programmed death ligand 2 (PD-L2), may contribute to the acquired EGT resistance phenotype through T cell exhaustion (6, 7) . In addition Epigenetic treatment-mediated modulation of PD-L1 predicts potential therapy resistance over response markers in myeloid malignancies: A molecular mechanism involving effectors of PD-L1 reverse signaling
EGT-mediated induction of tumour cell PD-L1 expression may contribute to enhanced PD-L1 reverse signalling facilitating anti-apoptotic effects in tumour cells and emergence of disease resistance (8) .
The recent development of immune checkpoint inhibitor therapy, successfully trialled in solid tumours and more recently in lymphoid haematological malignancies (6, 7) , may afford therapeutic benefit in the setting of EGT-mediated immune evasion based resistance should these patients be identifiable.
Despite identification of several putative markers of early response to EGT (3,5,9,10) characterisation of biomarkers of acquired resistance to EGT in myeloid malignancies are required together with delineation of the associated molecular mechanisms.
Our study aimed to correlate the in vivo effects of EGT on expression of PD-1, PD-L1 and orphan nuclear receptor NUR77, previously identified as a key molecule in the response to EGT (11) , with clinical response in patients with myeloid malignancies. In addition, in vitro and in vivo characterisation of the effects of EGT on NF-κB and Bcl-xL expression, potential downstream targets of PD-L1 reverse signalling, was evaluated to delineate possible components of the molecular mechanism responsible for these effects which may inform on novel treatment strategies in the setting of resistance to EGT.
Materials and methods
Cell culture. KG-1 leukemia cells were cultured in IMDM (Gibco; Thermo Fisher Scientific, Inc., Waltham, MA, USA) containing 20% heat inactivated fetal calf serum (Gibco; Thermo Fisher Scientific, Inc.) and kept in a 5% CO 2 incubator at 37˚C. Cells were split into 6-well plates with 2x10 6 cells per well. Agents: Azacytidine (Aza) (Sigma, Australia) and the histone deacetylase inhibitors (HDACi) Panobinostat (LBH-589) (LBH) (Sapphire Bioscience Pty Ltd., Sydney, Australia) and MCT-3 (12) were added to plates for 24 h. Aza was dissolved in H 2 O with 0.2% acetic acid and used at a final concentration of 1.0 µM. LBH-589 and MCT-3 were dissolved in 1% DMSO and used at a final concentration of 20 nM and 0.5 µM respectively.
Patient and healthy control blood samples. Mono-nuclear cell fractions were obtaining by ficoll density gradient centrifugation of peripheral blood samples taken from patients enrolled in low risk studies 357/14 and LR63/2015 with MDS/AML treated with Aza alone (n=9), 75 mg/m 2 for 7 days of a 28 day cycle between February 2015 and January 2017 and from a phase Ib/II clinical trial (n=4) of a 5 day schedule of Aza, 75 mg/m 2 followed by LBH in high-risk MDS or AML patients between January 2010 and January 2012 (13) and healthy controls aged 25-50 years old) (n=5). Peripheral blood samples were collected from patients at screening (prior to treatment) and at time points (days 5-28) during the first cycle of treatment. The open-label, phase Ib/II study (13) Growth inhibition assay. KG-1 cells in log phase were plated at a density of 0.2x10 6 in 2 ml of medium. Cells were harvested at 24 h. Cell viability was assessed using 0.4% trypan blue staining immediately after culture. Black staining cells were considered as non-viable cells and unstained bright cells as viable. Cell growth (%)=(the total number of viable cells at 24 h-the total number of viable cells at the beginning of the experiment/the total number of viable cells at the beginning of the experiment) as previously described (9) . All experiments were repeated a minimum of 3 times with averages displayed graphically.
RNA extraction. TRIzol (Invitrogen; Thermo Fisher Scientific, Inc.) was used to extract RNA from KG-1 cells treated with Aza, LBH or MCT-3 or a combination of Aza+LBH. TRIzol was also used to extract RNA from the mono-nuclear cell fractions of blood samples from patients with MDS/AML treated with Aza alone, 75 mg/m 2 for 7 days of a 28 day cycle or from a phase Ib/II clinical trial of a 5 day schedule of Aza followed by LBH in high-risk MDS or AML patients (13) and healthy controls. A single mRNA sample for each time point per patient was available for extraction.
RT-qPCR.
Reverse Transcription of KG-1 cell and patient and healthy control mRNA was performed using a 20 µl reaction mix containing dNTPs (100 mM), MultiScribe Reverse Transcriptase (50 U/µl), RT buffer (10X), RNase Inhibitor (20 U/µl), nuclease free water (Invitrogen; Thermo Fisher Scientific, Inc.), primer and KG-1 cell, patient or healthy control RNA samples. RT-qPCR analysis of KG-1 cell, patient and healthy control PD-1, PD-L1, NUR77, Bcl-xL and NF-кB mRNA expression was performed in duplicate using Sensifast SYBR No-Rox kit (Bioline, London, UK). Reaction volumes of 20 µl contained 2X Sensifast SYBR no-rox mix, nuclease-free water and RT reaction product (either KG-1 cell or patient/healthy control sample). Each PCR run also included wells of no template control (NTC). A melting point dissociation curve generated by the instrument (Applied Biosystems 7500 Real-Time PCR System; Thermo Fisher Scientific, Inc.) was used to confirm that only a single product was present. The fluorescence data were quantitated using the threshold cycle (C t ) value (14) . Data was normalized to actin and presented as the fold change compared with the pre-treatment screen sample. Statistical methods. Results of in vitro studies and combined patient in vivo studies were expressed as means ± standard error of the mean (SEM), and analyzed using GraphPad Prism 5 software (GraphPad Software, Inc., La Jolla, CA, USA), using unpaired t-tests for two-group comparisons and one-way analysis of variance and Dunnett's post hoc (ANOVA) for three or more group comparisons. P-value of <0.05 was considered to be statistically significant.
Methodological evaluation of results of duplicate RT-qPCR analysis of individual patient, single time point mRNA samples were presented as mean fold change compared to screen utilizing the 2 -∆∆Cq method (14) .
Results

Effect of Aza, LBH-589 and MCT-3 on leukemic cell growth, PD-1 and PD-L1 mRNA expression in KG-1 cells.
Single agent treatment with Aza, MCT-3 and LBH-589 decreased KG-1 leukemic cell growth with LBH-589 showing significant inhibition of cell growth. Combination Aza+LBH-589 treatment also resulted in significant attenuation of cell growth (Fig. 1A) .
Single agent treatment with Aza, MCT-3 and LBH-589 resulted in significant induction of PD-1 mRNA expression whilst combination treatment with Aza+LBH-589 also demonstrated significant induction of PD-1 mRNA expression (Fig. 1B) .
Single agent treatment with Aza demonstrated modest induction of PD-L1 mRNA expression whilst LBH-589 treatment resulted in significant induction of PD-L1 mRNA expression and combination treatment with Aza+LBH-589 also demonstrated significant induction of PD-L1 mRNA expression (Fig. 1C) .
PD-1, PD-L1 and NUR77 mRNA expression profiles from PBMC's of patients treated with Aza alone or Aza in combination with LBH589.
Expression levels of PD-1, PD-L1 and NUR77 mRNA were determined at screening (prior to treatment commencement, day 0) and at designated time points during 25-28 day first cycle of treatment. Non-responders demonstrated a >2 fold increase in PD-L1 expression over any other time point after treatment commenced during the first cycle of treatment ( Fig. 2A and Table I ) whilst responders, apart from patients 001 and 006, demonstrated no increase in PD-L1 expression ( Fig. 2B and Table I ). No correlation of PD-1 expression with response was identified in individual patient analysis whilst paradoxically 4 of 6 non-responders also had induction of NUR77 expression, a previously identified putative marker of response to EGT in MDS ( Fig. 2A and Table I ). Comparison of PD-L1 expression from combined first cycle time points (screen, day 14, 21 and 28) of healthy controls, responders and non-responders demonstrated significant induction of PD-L1 expression in non-responders over both healthy controls and responders (Fig. 3 ). Responses were defined according to international working group criteria for AML and MDS (15) . . Clinical response to treatment determined at 1, 3 and 6 months. Responses were defined according to international working group criteria for AML and MDS (15) . Results for patient 006 expression levels are presented using a log scale. PD-1, programmed cell death protein 1; PD-L1, programmed death-ligand 1; PBMC, peripheral blood mononuclear cells; Aza, azacytidine; AML, acute myeloid leukemia; MDS, myelodysplastic syndrome.
In vitro and in vivo expression of NF-кB and Bcl-xL in Aza, LBH-589, MCT-3 or a combination of Aza and LBH-589 treated
KG-1 cells and in patients non-responsive and responsive to
EGT. PD-L1 reverse signaling has recently been identified as a potential mechanism of EGT resistance in the setting of MDS treatment (8, (16) (17) (18) (19) . We investigated the in vitro and in vivo effect of EGT on potential down-stream effector molecules of reverse PD-L1 signaling. In vitro studies identified 2-8 fold induction of NF-κB and Bcl-xL mRNA expression in KG-1 cells treated with single agent or combination EGT (Fig. 4A  and B) . Characterisation of Bcl-xL expression from two patients, one identified as non-responsive to EGT (Pt ID:010) and one identified as responding to EGT (Pt ID:007) identified significant upregulation of Bcl-xL mRNA expression in the patient resistant to EGT (Fig. 4C) together with unchanged or reduced levels of Bcl-xL and NF-κB mRNA in the patient who responded to EGT (Fig. 4D and E) .
Discussion
Treatment of myeloid malignancies with single or combination agent EGT has proven to be a significant advance in the management of these conditions (20) . Response rates in the order of 50%, delayed time to response, together with primary and acquired resistance to EGT have made identification of biomarkers of response and resistance, together with associated molecular mechanisms, increasingly important in the management of patients treated with EGT (20) .
Recent evidence identifies EGT-mediated upregulation of genes associated with tumour immune evasion, including immune checkpoint pathway-related molecules PD-1, PD-L1 and PD-L2 in the setting of treatment of myeloid malignancies, which may contribute to the acquired EGT resistance phenotype through T cell exhaustion and enhanced PD-L1 reverse signaling (6) (7) (8) 18) .
Our current study investigated the expression of immune checkpoint molecules PD-1 and PD-L1 together with the putative EGT response marker orphan nuclear receptor NUR77 (9,11) in PBMC's from patients with myeloid malignancies treated with EGT and healthy controls and correlated these findings with clinical response. In addition we investigated the in vitro and in vivo effects of EGT on expression of potential downstream molecules of reverse PD-L1 signalling as a possible molecular mechanism for acquired resistance to EGT.
PD-L1 expression was increased in vitro in response to EGT and correlated with resistance to EGT irrespective of increased expression of the previously postulated marker of Figure 3 . In vivo mRNA expression of PD-L1 from combined healthy controls, responders and non-responders during first cycle of treatment. PD-L1 mRNA expression was determined from PBMC's from combined healthy controls (n=5), and combined EGT responders (n=7) and non-responders (n=6) during first cycle of treatment, * P<0.05 healthy control vs. non-responders and non-responder vs. responder. Responses were defined according to international working group criteria for AML and MDS (15) . PD-L1, programmed death-ligand 1; PBMC, peripheral blood mononuclear cells; EGT, epigenetic therapy; AML, acute myeloid leukemia; MDS, myelodysplastic syndrome.. Table I . Clinical response data and correlation with PD-1, PD-L1 and NUR77 mRNA expression at days 5-28. response to EGT, NUR77 suggesting enhanced PD-L1 expression and associated downstream molecular mechanisms may be a more potent phenotypic contributor to EGT outcomes than potential response biomarkers including NUR77. Whilst previous studies have demonstrated EGT is able to increase PD-L1 expression in MDS (16) (17) (18) and may correlate with poor responses to treatment (18) our study is the first to identify this effect independent of potential response marker expression. Whilst our in vivo observations support our in vitro findings a potential limitation of our study exists due to logistical constraints in obtaining chronologically identical patient blood samples for analysis during cycle 1. Ongoing studies to evaluate more complete data sets over multiple cycles of EGT will be undertaken to further refine the observations made in this pilot study. The molecular mechanisms responsible for EGT resistance and loss of response in the setting of EGT-mediated upregulation of inhibitory checkpoint molecules may include enhanced immune evasion by leukemic cells through classical PD-1-PD-L1 interactions (6) (7) (8) together with recently postulated augmentation of tumour cell PD-L1 reverse signaling (8) .
The contribution of tumour cell-intrinsic PD-L1 reverse signalling to disease pathogenesis has been recently investigated. Initial reports identified B7-H1 or PD-L1 as a ubiquitous anti-apoptotic receptor on cancer cells (19) whilst comprehensive evaluation of tumour intrinsic PD-L1 signalling in ovarian and melanoma models have demonstrated significant stimulatory effects on inflammation and tumour cell growth (21) . Our studies evaluated potential downstream targets of PD-L1 reverse signalling including the apoptosis and inflammation associated genes Bcl-xL and NF-κB. EGT-mediated induction of Bcl-xL and NF-κB gene expression both in vitro and in vivo in the setting of treatment resistance demonstrates that enhanced PD-L1 expression may correlate with induction of PD-L1 reverse signalling and upregulation of downstream targets which may contribute to tumour cell resistance to EGT. In support of these observations recent studies identify single or combination agent EGT treatment of the HL-60 leukemia cell line, known not to express PD-L1, as able to attenuate Bcl-xL expression, while concurrently enhancing expression of the putative response marker NUR77 (9) suggesting induction of PD-L1 expression together with enhanced PD-L1 reverse signalling and downstream effectors may be significant contributors to treatment resistance and tumour cell persistence. It is intriguing to speculate that whilst EGT in the setting of treatment for myeloid malignancies induces malignant cell apoptosis, as has been previously extensively documented in KG-1 cells (22, 23) and possibly supported by our observations of reduced KG-1 cell growth with in vitro EGT, simultaneous anti-apoptotic effects mediated by induction of PD-L1 expression together with enhanced PD-L1 reverse signalling and upregulation of Bcl-xL may contribute to malignant cell persistence and ultimately EGT failure.
EGT has recently been postulated to potentially enhance and/or re-sensitize solid and haematological malignancies to the effects of novel anti-PD-1/PD-L1 immunotherapeutics via enhanced tumour neoantigen expression (7) and/or via upregulation of expression of double stranded endogenous retroviral elements (dsERV's), subsequent viral defense gene expression and interferon (IFN) production, leading to cellular apoptosis and reduced cellular proliferation (24) (25) (26) .
A so-called 'double edged sword effect' of EGT however arises from potentially concurrent therapy-mediated induction of inhibitory checkpoint molecule expression such as PD-L1 which may contribute to enhanced secondary resistance to EGT in leukemia and MDS via mechanisms including reverse PD-L1 signaling which we have investigated during this study. Bcl-xL and (E) NF-κB mRNA expression in PBMC's from an EGT-responsive patient 007 at day 0, 7 and day 21 (n=1). Responses were defined according to international working group criteria for AML and MDS (15) . Aza, azacytidine; PBMC, peripheral blood mononuclear cells; EGT, epigenetic therapy; Con, control; AML, acute myeloid leukemia; MDS, myelodysplastic syndrome.
Whilst potentially problematic, EGT-mediated upregulation of inhibitory immune checkpoint molecule expression may be able to be exploited though identification of patients with EGT-mediated upregulation of inhibitory immune checkpoint molecules including PD-L1 and therapeutic intervention with anti-PD-1/PD-L1 therapy; a theory currently the subject of several clinical trials (7) . In addition characterization of PD-L1 expression may be an important marker of acquired EGT resistance and anti-PD-1/PD-L1 therapy response in this patient population.
Together our observations suggest enhanced PD-L1 expression may herald resistance to EGT over known markers of response to EGT in myeloid malignancies and provide a potential molecular mechanism involving modulation of effectors of PD-L1 reverse signaling which may, in-part, be responsible for these effects. Larger prospective studies designed to formally evaluate the contribution of PD-L1 expression to acquired EGT resistance will establish the potential application of this molecule as a clinical biomarker and therapeutic target in the setting EGT resistance.
